The Drosophila Eyes Absent Homologue 1 (EYA1) is a component of the retinal determination gene network and serves as an H2AX phosphatase. The cyclin D1 gene encodes the regulatory subunits of a holoenzyme that phosphorylates and inactivates the pRb protein. Herein, comparison with normal breast showed that EYA1 is overexpressed with cyclin D1 in luminal B breast cancer subtype. EYA1 enhanced breast tumor growth in mice in vivo, requiring the phosphatase domain. EYA1 enhanced cellular proliferation, inhibited apoptosis, and induced contact-independent growth and cyclin D1 abundance. The induction of cellular proliferation and cyclin D1 abundance, but not apoptosis, was dependent upon the EYA1 phosphatase domain. The EYA1-mediated transcriptional induction of cyclin D1 occurred via the AP-1-binding site at À953 and required the EYA1 phosphatase function. The AP-1 mutation did not affect SIX1-dependent activation of cyclin D1. EYA1 was recruited in the context of local chromatin to the cyclin D1 AP-1 site. The EYA1 phosphatase function determined the recruitment of CBP, RNA polymerase II, and acetylation of H3K9 at the cyclin D1 gene AP-1 site regulatory region in the context of local chromatin. The EYA1 phosphatase regulates cell-cycle control via transcriptional complex formation at the cyclin D1 promoter. Cancer Res; 73(14); 4488-99. Ó2013 AACR.
Introduction
The Drosophila Eyes Absent Homologue 1 (EYA1) is a component of the retinal determination gene network (RDGN) involved in organismal development (1, 2) . The cell fate determination gene network includes the dachshund (dac), twin-ofeyeless (toy), eye absent (eya), teashirt (tsh), and sine oculis (So). In Drosophila, mutations of the RDGN leads to failure of eye formation, whereas forced expression induces ectopic eye formation. EYA functions as a transcriptional co-activator being recruited in the context of local chromatin but lacking intrinsic DNA-binding activity. EYA family members EYA 1-4 are defined by a 275-amino acid carboxyl-terminal motif that is conserved between species, referred to as the EYA domain (ED). The human homologs EYA 1-4 are highly conserved in their EYA domain and amino termini, with the exception of a small tyrosine rich residue region named EYA domain II (3).
Altered expression or functional activity of the RDGN has been documented in a variety of malignancies. DACH1 expression is reduced in breast, prostate, endometrial, and brain cancer (2, (4) (5) (6) . EYA2 is upregulated in ovarian cancer, promoting tumor growth (7) . EYA1 and EYA2 enhanced survival in response to DNA damage-producing agents in HEK293 cells (8) . Eya2 was required for Six1/TGFb signals that govern a prometastatic phenotype and epithelial-mesenchymal transition (EMT; ref. 9) . Although EYA proteins are expressed in human breast cancer, the relationship to molecular genetic subtype, prognosis, and the molecular mechanisms governing contact-independent growth are not known.
Previous studies have shown functional interactions between the RDGN and cell-cycle control proteins (2, 6) . The DACH1 protein inhibits breast cancer cellular metastasis via the transcriptional repression of interleukin (IL)-8 (10) . Breast tumor-initiating cells (BTIC) are inhibited by endogenous DACH1 expression through binding to the promoter-regulatory regions of the Nanog and SOX2 genes (11) . DACH1 was also shown to inhibit breast cancer cell proliferation via repression of cyclin D1 (6) . The cyclin D1 gene encodes the regulatory subunit of a holoenzyme that phosphorylates and inactivates the pRb protein, thereby promoting the DNA synthetic phase of the cell cycle. The maintenance of HER2-positive breast cancer tumor growth by HER2-positive cells requires cyclin D1 (12) .
The current studies were conducted to determine the molecular mechanisms by which EYA1 promotes breast tumor cellular growth. Herein, EYA1 expression in 2,154 breast cancer samples showed enrichment with cyclin D1 in luminal B breast cancer expression. EYA1 induced contact-independent growth of breast cancer cell lines requiring its phosphatase function. EYA1 induced cyclin D1 expression via its phosphatase function and was recruited to the cyclin D1 promoter AP-1 site. The EYA1 phosphatase function determined the induction of cyclin D1 transcription and local histone acetylation and coactivator recruitment at the cyclin D1 promoter regulatory region.
Materials and Methods

Cell culture
Human embryonic kidney 293T (HEK 293T) and breast cancer cell lines were maintained in SKBR3 (McCoy's 5A), BT-474 and T47D (RPMI1640), and MDA-MB-231, MDA-MB-453, HBL100, HS578T, and MCF-7 (Dulbeccos' Modified Eagle Media) containing 1% penicillin/streptomycin and supplemented with 10% FBS.
Plasmids and short hairpin RNA
The mouse cDNA of EYA1 WT and EYA1 D327A phosphatase (EYA1 D327A) mutant were cloned into the p3ÂFLAG-CMV-10 (Sigma-Aldrich) vector for transient transfection assays and into the pCDF lentivirus expression vector to establish stable cell lines. The human cyclin D1 promoter luciferase reporter was previously described (13) . The short hairpin RNAs (shRNA) for EYA1 were purchased from OpenBiosystems, using the targeted sequences CCCACAAAGAATATAGATGAT and CGA-CGGGTCTTTAAACAATTT.
Transfections, gene reporter assays, and EYA1 stable cell lines DNA transfection and luciferase assays were conducted as previously described. Briefly, cells were seeded at 25% confluence in 24-well plates the day before transfection. Cells were transiently transfected with the appropriate combination of the reporter (0.5 mg per well), expression vectors (calculated as molar concentration equal to 300 ng of control vector), and control vector (300 ng per well) via calcium phosphate precipitation for HEK293T or Lipofectamine 2000 (Invitrogen) for the remaining cell lines, according to the manufacturer's instructions. Twenty-four hours after the transfection, luciferase assays were conducted at room temperature using an Autolumat LB 953 (EG&G Berthold) as previously described. Lentiviruses were prepared by transient co-transfections of plasmid DNA expressing EYA1 or EYA1 D327A or the vector and packaging plasmids using calcium phosphate precipitation. The lentiviral supernatants were harvested 48 hours after transfection and filtered through a 0.45-mm filter. Human breast cancer cell line cells were incubated with the lentiviral supernatants in the presence of 8 mg/mL polybrene for 24 hours, cultured for a further 48 hours, and subjected to fluorescence-activated cell sorting (FACS; FACStar Plus; BD Biosciences) to select for cells expressing GFP. GFP-positive cells were used for subsequent analysis. The cyclin D1 promoter mutant luciferase reporter genes were previously described (14) . The cyclin D1 AP-1 site at À953 TGACTCAT TTT was mutated to TGgCgCAT TTT.
Western blot
For Western blot analyses, cells were pelleted and lysed in buffer (50 mmol/L HEPES, pH 7.2, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1 mmol/L dithiothreitol, 0.1% Triton X100) supplemented with a protease inhibitor mixture (Roche Diagnostics). Antibodies used for immunoprecipitation and Western blotting are as follows: anti-FLAG (M2 clone, Sigma), anti-EYA1 (ab85009, Abcam), and antibodies from Santa Cruz Biotechnology were cyclin D1(sc-20044), cyclin E1 (sc-481), CDC25B (sc-5619), b-catenin (sc-7963), p27 (sc-7767), b-actin (sc-47778), and b-tubulin (sc-9104). For cyclin D1 degradation assays, EYA1 wt or mutant stable cell lines (SKBR3 or MDA-MB-453) were treated with 50 mg/mL cycloheximide (CHX), and total protein was collected at sequential time points (15, 30, 60 , 90, 120 minutes) for Western blot analysis.
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) analysis was conducted following a previously described protocol (15) . MDA-MB-453 cells stably expressing 3ÂFLAG-EYA1 or EYA1 D327A or control vector were prepared using a ChIP assay kit (Upstate Chemicon) following the manufacturer's guidelines. Chromatin solutions were precipitated overnight with agitation at 4 C using 30 mL of agars with specific antibodies. For a negative control, mouse IgG was immunoprecipitated by incubating the supernatant fraction for 1 hour at 4 C with rotation. Precipitated DNAs were analyzed by PCR. The human cyclin D1 promoter-specific primers used were as follows: AP-1 site: 5 0 -GGCAGAGGGGACTAATATTTCCAGCA-3 0 and 5 0 -GAATG-GAAAGCTGAGAAACAGTGATCTCC-3 0 . Primers as negative control site were 5 0 -TTTCGGAAGCGTTTTCCC-3 0 and 5 0 -AGCGCGTTCATTCAGGAA-3 0 . Antibodies used for IP were: anti-FLAG (M2 clone, Sigma), anti-CBP (sc-369, Santa Cruz), anti-acetyl Histone H3K9 (07-352, Millipore), and anti-Pol II (sc-9001, Santa Cruz).
Reverse transcription PCR and quantitative PCR
Total RNA was prepared using TRIzol reagent (Invitrogen) following the manufacturer's instructions. Five micrograms of total RNA was subjected to reverse transcription to synthesize cDNA using the SuperScript II Reverse Transcriptase Kit (Invitrogen). A 25-mL volume reaction consisted of 1 mL reverse transcription product and 10 pmol/L of each primer. The primers used for reverse transcription (RT)-PCR of the EYA1 that are isoform-specific corresponding to exon 9 to 11 (16) were: 5 0 -GTTCATCTGGGACTTGGA-3 0 and 5 0 -GCTTAGGTCC-TGTCCGTT-3 0 , primers for cyclin D1 were: 5 0 GTGCTGCGA-AGTGGAAACC-3 0 and 5 0 -ATCCAGGTGGCGACGATCT-3 0 , primers for GAPDH: 5 0 -ATCTTCCAGGAGCGAGACCCC-3 0 and 5 0 -TCCACAATGCCAAAGTTGTCATGG-3 0 .
Mammosphere formation and animal studies Mammosphere formation assays were conducted as described previously (17) . Five-to 6-week-old female NOD/ SCID mice were purchased from NCI-Frederick and maintained in the transgenic mouse facility. Ten mice in each group were subcutaneously injected with 3 Â 10 6 MDA-MB-453 cells in 0.1 mL PBS with 10% Matrigel. Tumor size was monitored twice a week for 8 weeks, and tumor weight was measured at the end of the experiment.
Cell proliferation and apoptosis assays
For the MTT assay, cells infected with PCDF, PCDF-Flag-EYA1, or PCDF-Flag-EYA1 D327A were seeded into 96-well plates in normal growth medium, and cell growth was measured every day by MTT assay. To measure the growth curve, cells were seeded into 12-well plates and serially counted for 6 to 7 days. Tritiated thymidine incorporation was conducted as previously described as an assay of cell proliferation (6) . For bromodeoxyuridine (BrdUrd) staining, cells were labeled with 100 mmol/L BrdUrd for 1 hour in regular culture medium, then washed 3 times with PBS, fixed in 3.7% formaldehyde/PBS for 10 minutes, treated with 4N HCL/1% Triton-X100 for 10 minutes, washed 3 times with 0.1% NP-40/PBS; incubated with mouse anti-BrdU (B8434, Sigma) at 1:1,000 for 2 hours at room temperature and stained with goat anti-mouse AlexaFluor 568 at 1:1,000 after washing. Ten thousand cells were analyzed by BD FACScan. Apoptotic cells were measured using BD Pharmingen PE Annexin V apoptosis Kit following standard protocol.
Colony formation assay
For contact-independent growth (soft agar), cells (4.0 Â 10 3 ) were plated in triplicate in 2 mL of 0.3% agarose (sea plaque) in complete growth medium overlaid on a 0.5% agarose base, also in complete growth medium. Two weeks after incubation, colonies >50 mm in diameter were counted using an Omnicom 3600 image analysis system. For contact-dependent growth, 2.0 Â 10 3 cells were plated in 6-well plates in triplicate in 2 mL of complete growth medium for 2 weeks. The medium was changed every 4 days. The colonies were visualized after staining with 0.04% crystal violet in methanol for 1 to 2 hours.
Analysis of public breast cancer microarray datasets
A breast cancer microarray dataset that was previously compiled from the public repositories Gene Expression Omnibus and ArrayExpress was used to evaluate co-expression of cyclin D1 and EYA1. This microarray dataset includes 102 healthy breast and 2,152 breast tumor samples, and tumor samples were classified into 5 molecular subtypes as previously described (15, 18) .
The relationship between CCND1 and EYA1 was explored within each of the 5 subtypes by comparing EYA1 expression against CCND1 RNA expression using 2-dimensional (2D) scatter plots with 4 quadrants. EYA1 expression was centered around its median expression in healthy breast, whereas CCND1 expression was centered around its median expression across all breast samples. Within each subtype, the distribution of samples among the 4 quadrants around x ¼ 0 and y ¼ 0 was quantified and significance was assessed using a c 2 test. Kaplan-Meier curves and the Log-rank test P value was used to evaluate survival differences for co-expression profiles among the 4 quadrants.
Results
Endogenous EYA maintains cyclin D1 levels in breast cancer cells
The molecular genetic subtypes of human breast cancer cell lines also include luminal A, luminal B, basal, ErbB2, and claudin-low (19, 20) . To determine the relative abundance of EYA1 in breast cancer cell lines, a series of breast cancer cell lines including representative examples of these subtypes was examined. Quantitative RT-PCR primers were deployed that are specific for the EYA1 isoform. The relative abundance of EYA1 compared with the loading control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was higher in claudin-low (MDA-MB-231 and HS578T), luminal B (BT-474), and ErbB2 positive (MDA-MB-453 and SKBR3) cells (Fig. 1A) . The gene expression profile of the MDA-MB-231 cells are considered a claudin-low subtype, the MDA-MB-453 and SKBR3 as a Her2 subtype, and BT-474 are considered luminal B subtype in expression profile (20, 21) . Western blot analysis showed similar trends in protein relative abundance as found with the mRNA level in each cell line (inset, Fig. 1A ; Supplementary Fig. S1 ).
The increased abundance of EYA1 in MDA-MB-231 cells provided an opportunity to determine the function of EYA1 using shRNA. DNA synthesis evaluated by tritiated thymidine incorporation was reduced 40% using 2 separate shRNA (Fig.  1B) . Cellular proliferation, assessed by either cell counting or MTT activity, was reduced about 80% ( Fig. 1C and D) . We examined the role of endogenous EYA1 in maintaining the abundance of endogenous cell-cycle-related protein expression. EYA1 shRNA reduced EYA1 abundance by about 90%, without altering the cyclin E levels in both MDA-MB-231 and BT-474 (Fig. 1E ). CDC25B abundance was reduced by about 25%. However, cyclin D1 abundance was reduced by about 70% (Fig. 1E ). EYA1 shRNA reduced EYA1 and cyclin D1 mRNA levels by about 90% (Supplementary Fig. S2 ). The reduction in cyclin D1 abundance and subsequent reduction in cell proliferation are in agreement with the previous report that the G 1 -S cell-cycle transition and proliferation of human breast cancer cells are dependent upon the abundance of cyclin D1 (22) . To analyze the co-expression of cyclin D1 and EYA1 in human breast cancer, we used a collection of 2,152 breast tumor samples (15) . We stratified the samples into 5 molecular subtypes including luminal A, luminal B, basal, normal-like, and Her2-overexpressing. Compared with normal breast tissue ( Fig. 1F ) and all breast cancers (Fig. 1G ), significant enrichment for cyclin D1 and EYA1 co-expression was identified in the luminal B subtype (P < 1 Â 10 À15 ; Fig. 1H ). Kaplan-Meier survival analysis revealed that co-expression of cyclin D1 and EYA1 have a negative impact on recurrence-free survival time (P ¼ 0.035; Fig. 1I ). There was no significant independent relapse-free survival significance of either cyclin D1 or EYA1 alone in patients with luminal B breast cancer.
The EYA1 phosphatase domain is required for the induction of breast cancer cell contact-independent growth To examine further the functional significance of EYA1 in breast cancer cellular proliferation, the human BT-474, MDA-MB-453, and SKBR3 breast cancer cell lines were transduced with a lentiviral vector encoding either EYA1 or a phosphatase-defective mutant (EYA1 D327A). Lentiviral transduction of the BT-474 cells with the expression vector resulted in green fluorescence of the transduced cells ( Fig. 2A) .
Cellular proliferation assessed by cell counting showed a 40% increase in proliferation by EYA1 (Fig. 2B) . No proliferative advantage was observed in phosphatase-defective EYA1 D327A-transduced cells, which reduced cell number compared with vector control (Fig. 2B) . Colony formation assays in contact-dependent growth showed a 3-fold increase in the number of colonies that was dependent upon the EYA1 phosphatase activity (Fig. 2C) . Contact-independent growth in soft agar showed a similar 3-fold induction in colony number by EYA1 that was dependent on the phosphatase domain (Fig.  2D) . The human MDA-MB-453 breast cancer cell line showed a similar increase in proliferation assessed by MTT assay and increase in colony formation in the presence of EYA1 that was reduced by mutation of the EYA1 phosphatase domain (Fig.  2E-H) . In addition, phosphatase-dependent stimulation of cellular growth and colony formation was also observed in the SKBR3 breast cancer cell line ( Supplementary Fig. S3 ).
Cyclin D1 is required by EYA1-induced breast tumor colony formation, cellular proliferation, and mammosphere formation To determine whether cyclin D1 was required for proliferation induced by EYA1, cells were transduced with the EYA1 expression vector and shRNA to cyclin D1 or a control shRNA. Cyclin D1 levels were reduced by cyclin D1 shRNA (Fig. 3A) , associated with a reduction in EYA1-dependent cellular proliferation from 10-to 4-fold ( Fig. 3B  and C) . In addition, the EYA1-mediated induction of colony formation was abrogated by cyclin D1 shRNA (Fig.  3D) . As SKBR3 colony number and size were increased by EYA1, we considered the possibility that EYA1 may contribute to enhancing BTIC. As a surrogate of BTIC, we conducted mammosphere assays as previously described (10, 23) , assessing the number and size of the mammospheres. Expression of EYA1 enhanced mammosphere number, which was abrogated by mutation of the EYA1 phosphatase domain (Fig. 3E) . Cyclin D1 shRNA reduced the number of mammospheres formed in the basal state (Fig. 3F ) and completely abrogated EYA1-mediated induction of mammosphere formation (Fig. 3F) .
In MDA-MB-453 cells, cyclin D1 shRNA reduced cyclin D1 abundance induced by EYA1 (Fig. 4A ) and reduced cellular proliferation as assessed by growth curve, MTT assay, or colony formation assays (Fig. 4B-D) .
EYA1 induced DNA synthesis but not apoptosis is dependent upon the EYA1 phosphatase domaindetermined growth ability
Cell growth, evaluated by counting cell number daily, showed that EYA1 enhanced proliferation. The EYA1 phosphatase-defective mutant failed to induce cell proliferation and showed reduced cell proliferation (Fig. 5A) . To further distinguish the effect of EYA1 on apoptosis and proliferation, Annexin V staining and BrdUrd incorporation were conducted. Both EYA1 wt and the phosphatase mutant significantly inhibited apoptosis (Fig. 5B) ; however, stimulation of DNA synthesis by EYA1 depended on its phosphatase activity ( Fig.  5C and D) . To measure the in vivo growth-promoting function of EYA1, MDA-MB-453 cells stably expressing EYA1 were injected subcutaneously into immunodeficient mouse. MDA-MB-453 tumor growth was dramatically increased by EYA1 as determined by tumor volume (Fig. 5E ) and tumor weight ( Fig. 5F and G) . The stable expression of the EYA1 phosphatase-defective mutant showed reduced cell growth in vivo by volume and tumor weight ( Fig. 5E and F) .
EYA1 induction of cyclin D1 requires the EYA phosphatase activity
Given the requirement for cyclin D1 in EYA1-mediated growth, we determined the mechanism by which EYA1 induced cyclin D1 abundance. Western blot analysis was conducted. The amino-terminal epitope of the EYA1 protein (Fig. 6A) was recognized by the FLAG antibody, showing similar levels of expression for EYA1 and EYA1 D327A (Fig.  6A) . The relative abundance of cyclin D1 was induced 5-fold by EYA1, which was reduced (60%) by mutation of the phosphatase domain after normalization for the relative abundance of EYA1 protein by Western blotting. The relative abundance of cyclin D1 was induced without changes in the relative abundance of cyclin A, p27 KIP1 , or b-catenin protein (Fig. 6A) . To determine the mechanisms by which EYA1 induced cyclin D1 abundance, analysis was conducted of cyclin D1 protein levels in the presence of the protein synthesis inhibitor cycloheximide (Fig. 6B) . Confirmed by quantitative analysis of multiple experiments, no significant change in the relative abundance of cyclin D1 mRNA stability occurred when EYA1 and the control empty vector was compared (Fig. 6C) . Cyclin D1 mRNA abundance determined by quantitative RT-PCR was increased 5-fold by EYA1 (Fig. 6D) . The induction of cyclin D1 mRNA by EYA1 was dependent upon the EYA1 phosphatase function (Fig. 6E) . Similar results were observed in MDA-MB-453 cells (Fig. 6F-H) .
EYA1 induces the cyclin D1 promoter via the AP-1 site at À953, recruiting co-integrators in a phosphatasedependent manner
To determine whether EYA1 directly activated the cyclin D1 promoter, luciferase reporter assays were conducted (Fig. 7A) . The cyclin D1 promoter was induced 4-fold by EYA1 in a phosphatase-dependent manner. Point mutation of the AP-1 site at À953 reduced EYA1-dependent induction (Fig. 7B) . In Drosophila, eya and so form part of a common signaling pathway. Six1 is known to induce the cyclin D1 promoter (24) . To determine whether SIX1 regulates the cyclin D1 promoter through the EYA1 cis-response element, co-transfection experiments were carried out in several cell types (Fig.  7C-E) . In HEK293 cells, SIX1 induced the cyclin D1 promoter; however, mutation of the EYA1-responsive AP-1 site at À953 did not affect SIX1-dependent activation (Fig. 7C) . Phosphatase-dependent activation of the cyclin D1 promoter by EYA1 at the AP-1 site was also observed in SKBR3 and MDA-MB-453 cell lines (Fig. 7D and E) . This finding indicates that EYA1 and SIX1 regulate the cyclin D1 promoter through distinct elements. These findings do not however exclude a potential role for Six1 in EYA1-dependent induction of cellular proliferation. ChIP showed the recruitment of EYA1 to the CRE/AP-1 site of the cyclin D1 promoter at À953. Recruitment of EYA1 occurred in a phosphatase-dependent manner (Fig. 7F) . In contrast, there was no recruitment of EYA1 to negative control sequences located at À1,500 (data not shown). Next, we examined the potential role of EYA1 in regulating the recruitment of transcriptional co-regulators in the context of local chromatin. Expression of EYA1 enhanced the recruitment of CBP and RNA polymerase II (Fig. 7G) and increased the acetylation of Histone3 [H3K9] (Fig. 7H) , consistent with transcriptionally active chromatin (Fig. 7G) .
Discussion
The current studies show that EYA1 enhances breast cancer cellular proliferation both in tissue culture and in vivo. EYA1 enhanced growth via increased cellular proliferation and DNA synthesis. The induction of cellular proliferation by EYA1 in BT-474, SKBR3, and MDA-MB-453 cells was dependent upon the phosphatase function, and the induction of breast tumor growth in vivo required the phosphatase domain. EYA1 also reduced apoptosis as determined by Annexin V-positive cells; however, the inhibition of apoptosis by EYA1 was independent of the phosphatase domain. These findings suggest EYA1 promotes breast tumor growth through both phosphatasedependent and -independent mechanisms. These studies contrast with the findings in the developing kidney of Eya À/À mouse embryos in which increased apoptosis correlated with increased H2AX Ser139 phosphorylation (8) . Tyrosine dephosphorylation of H2AX is thought to modulate apoptosis, through dephosphorylation of an H2AX carboxyl-terminal tyrosine phosphate (Y142), under hypoxic conditions or under circumstances of DNA damage. The EYA1 effect was dependent upon increased ATM/ATR activity. It is likely that the ability of the EYA1 phosphatase function to regulate apoptosis may depend upon the ATM/ATR activity and relative tumor hypoxia. To determine the mechanism by which EYA1 enhanced breast cancer cellular proliferation, we considered the cyclin genes as potential targets of EYA1-induced breast tumor cellular proliferation. We considered targets of the cell cycle in which the induction of the gene expression was dependent upon the EYA1 phosphatase domain. The abundance of cyclin D1, but not cyclin E or CBC25A, was induced by EYA1, suggesting that cyclin D1 was a target of EYA1 induced cellular proliferation. Cyclin D1 shRNA showed the requirement for cyclin D1 in EYA1-dependent breast cancer cellular proliferation. These findings are consistent with evidence that cyclin D1 antisense reduces ErbB2-induced mammary tumorigenesis in mice (12) and findings that breast tumor progression of MMTV-Ras or MMTV-ErbB2 transgenics is reduced in cyclin D1 À/À mice (25) . Cyclin D1 however is not required for the induction of mammary tumors induced by either the activated b-catenin or c-Myc oncogenic pathways in vivo (25, 26) , showing oncogene-specific roles for cyclin D1 in mammary tumorigenesis. The current studies extend our understanding of the requirement for cyclin D1 in breast tumor proliferation by showing that cyclin D1 is required for EYA1-induced breast tumor growth. The studies do not exclude the possibility that other genes may be induced by EYA1, which may also contribute to EYA1-induced breast tumor growth. Furthermore, the ability of EYA1 to induce proliferation of breast cancer cells may depend upon the oncogenic drivers or the breast cell lines or tumor. In this regard, the EYA1 phosphatase function was not required for the induction of cell proliferation assessed using the WST assays in MCF-7 cells, a cell type in which the cyclin D1 gene product is overexpressed through amplification (27) . The abundance of cyclin D1 is regulated through distinct mechanisms, including posttranslational modification by phosphorylation and the induction of mRNA and/or gene transcription. In the current studies, EYA1 induced cyclin D1 mRNA transcription, as shown by cycloheximide mRNA 
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Relative cyclin D1 abundance stability studies. The induction of cyclin D1 mRNA and promoter activity by EYA1 was dependent upon the EYA1 phosphatase function. Mutational analysis showed a requirement for the AP-1/CRE transcription factor-binding sites, and point mutation at the AP-1 site abrogated EYA1 induced transcriptional induction of the cyclin D1 promoter. The mutation of the AP-1 site of the cyclin D1 promoter À953 does not affect the SIX1-binding sites located 3 0 at À919 and À614 of the murine cyclin D1 promoter (24) and did not affect transactivation by SIX1 expression in reporter genes assays (Fig. 7C) . These findings suggest that SIX1 and EYA1 components of the RDGN function induce a common gene target through distinct cis 
elements. Using c-fos
À/À /fos B À/À , the AP-1 site was shown to serve as a site of convergence between serum stimulation and cell-cycle progression (28) , and the AP-1 site was previously identified as a key site involved in the gene induction of cyclin D1 expression by oncogenic Ras (14) . ChIP assays showed the recruitment of EYA1 to the cyclin D1 AP-1 site and no recruitment of EYA1 to distinct cyclin D1 sequences unrelated to the AP-1 site. The combinatorial patterns of histone modification at active genes are complex (29) ; however, we chose H3K9 acetylation (H3K9), as regions enriched with H3 acetylation are often found to be enhancers (30) . Measurements of transcriptionally active chromatin, in particular acetylated H3K9, showed increased H3K9 acetylation in the presence of EYA1. A significant reduction in recruitment of the phosphatase-defective EYA1 mutant was associated with the reduced recruitment of H3K9 to the cyclin D1 AP-1 site. The defect in recruitment to local chromatin of the EYA1 phosphatase mutant suggests that EYA1 dephosphorylation contributes actively to the chromatin interaction. Other phosphatases are known to interact with and regulate local chromatin structures including PP4, PP2A, PP6, Wip1, GLC7 (PP1 homology in Saccharomyces cerevisiae), and RepMan-PP1. Repo-Man-PP1 is a phosphatase complex that regulates histone H3 Thr3, Ser10, Ser28 dephosphorylation, which is essential for the reestablishment of heterochromatin in postmitotic cells (31) .
RNA polymerase II (RNA PII) is required for transcription of protein-coding genes (32) , and reduced recruitment of RNA polymerase II to the site is consistent with the reduced transcriptional activity of the EYA1-D327A mutant. The cyclin D1 AP-1 site is known to recruit the AP-1 transcription factors c-Jun, c-Fos, FRA1, FRA2 (28) , and reduced recruitment of RNA polymerase II to the AP-1 site is consistent with a mechanism by which EYA1 determines the induction of cyclin D1 gene expression.
Mammospheres reflect the combination of both symmetrical and asymmetrical divisions (33) . The number of mammospheres may serve as a surrogate of breast tumor stem cell expansion (BTSC). The current studies show that EYA1 enhanced the number of mammospheres formed. Several lines of evidence support the importance of BTSC or tumor-initiating cells in the onset and progression of breast cancer (33) .
Herein, the induction of mammosphere formation by EYA1 was dependent upon the phosphatase domain. The mechanism by which EYA1 promotes BTSC expansion may include the ability of EYA1 to be recruited to AP-1 sites as the AP-1 transcription factor, c-Jun, is known to promote BTSC expansion (17) . Alternately, previous studies had identified physical interaction between DACH1 and EYA1. DACH1 is known to occupy the promoters of several stem cell regulatory genes including Sox, Oct, and Nanog (10) . The current studies raise the possibility that EYA1 may be recruited by a DACH/EYA1 complex to the genes associated with the induction of tumor initiating cells that may in turn contribute to the progression of tumorigenesis.
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